Objective The aim of this study was to identify variants associated with familial late-onset Alzheimer disease (AD) using whole-genome sequencing.
Results
We identified 2 rare ABCA7 variants (rs143718918 and rs538591288) with varying penetrance in 2 independent German AD families, respectively. The single nucleotide variant (SNV) rs143718918 causes a missense mutation, and the deletion rs538591288 causes a frameshift mutation of ABCA7. Both variants have previously been reported in larger cohorts but with incomplete segregation information. ABCA7 is one of more than 20 AD risk loci that have so far been identified by genome-wide association studies, and both common and rare variants of ABCA7 have previously been described in different populations with higher frequencies in AD cases than in controls and varying penetrance. Furthermore, ABCA7 is known to be involved in several AD-relevant pathways.
Conclusions
We conclude that both SNVs might contribute to the development of AD in the examined family members. Together with previous findings, our data confirm ABCA7 as one of the most relevant AD risk genes.
Several genome-wide association studies (GWASs) have identified ABCA7 (ATP-binding cassette transporter A7) as a risk factor for sporadic late-onset Alzheimer disease (AD).
1-3 ABCA7 encodes a protein with major function in lipid transport. 4 The protein is involved in AD pathology, as it was demonstrated to play a role in formation, clearance, and aggregation of amyloid beta, the etiologic agent in AD. 5, 6 Recently, multiple rare loss-offunction variants in ABCA7 associated with AD risk and possible causal variants in familial cases and pedigrees have been identified through sequencing efforts. [7] [8] [9] [10] [11] Alterations in ABCA7 have not only been observed in European but also in African American 12 and Asian 13,14 populations either by GWASs or targeting sequencing with varying minor allele frequencies (MAFs). In addition, a protective ABCA7 variant has also been described, emphasizing the role of this gene in AD. 15 We now present the data of 2 rare variants of ABCA7 in 2 German families.
Methods
Standard protocol approvals, registrations, and patient consents All individuals provided written informed consent before their participation in this study for the clinical evaluation and genetic analysis of leukocyte DNA. Clinical phenotyping, whole-genome sequencing (WGS), and genetic analysis were approved by the Central Ethics Committee of the Bavarian Medical Association and the Ethics Review Panel of the University of Luxembourg.
Patient information
Two families with an autosomal dominant inheritance pattern of AD were analyzed, and a pedigree chart is shown in figure 1 . The 3 patients with AD sequenced in family 1 had reported ages at onset of <56, 70-75, and 71-77 years. The APOE status for all 3 patients was e3/4. Family members 021, 022, and 122 died at the age of 47, 56, and 75 years, respectively. The patient with AD in family 2 had an age at onset of 66 years; the APOE status was e4/4. Family members 101 and 102 died at the age of 74 and 73, respectively. For 001, 002, and 122, the age at death is unknown. Blood samples were taken from 7 (family 1) and 8 (family 2) family members, respectively, and DNA was extracted from leukocytes using standard procedures.
WGS and analysis
WGS was performed by Complete Genomics Inc. (CG, Mountain View, CA) using their proprietary paired-end, nanoarray-based sequencing-by-ligation technology. 16 Sequencing, quality control, mapping, and variant calling for the sequencing data were performed by CG as part of their sequencing service using the Standard Sequencing Service pipeline version 2.0. Sequencing reads were mapped against Glossary AD = Alzheimer disease; GWAS = genome-wide association study; MAF = minor allele frequency; WGS = whole-genome sequencing; SNV = single nucleotide variant; LD = linkage disequilibrium. NCBI Build 37. For further analysis, only single nucleotide variants (SNVs) and small insertions, deletions, and block substitutions up to a size of about 50 nt (indels) were used.
Variant prioritization
Variants were annotated by ANNOVAR 17 (version 2015 March 12) using the NCBI RefSeq release 60 and the Ensembl release 74 genome. As input for our family WGS analysis pipeline, 18 we first combined all variants from all genomes of every sequenced family member into the union of variants using CG analysis software (CGATOOLS, version 1.5) listvariant tool and the CG "var" files of all individuals per family as input. We used CGATOOLS testvariant to test each sample for the presence of each allele at every variant position from the union set of variants. We removed variants that were not called as high-quality calls (VQHIGH) in at least 1 individual. For both families, we used ISCA version 0.1.9 19 to search for shared haplotype blocks between pairs of samples and determined the number of shared alleles per block. For family 1, we filtered for haplotype blocks that shared 1 allele between the cases that was not shared with the unaffected individual 101 (figure 1A). For family 2, we excluded blocks where any pair of unaffected siblings shared 2 alleles (figure 1B). For each family, we applied an autosomal dominant inheritance model and filtered for exonic variants excluding synonymous variants and for variants in essential splice sites (±2 nucleotides from the exon boundary).
Variants within regions that are known to show very high mutation rates, like in mucins and olfactory receptors, were excluded (commonly mutated region). 20 We filtered for rare variants having an MAF of less than 5% in the European American population of the 1000 Genomes Project, the European NHLBI ESP exomes, and the Non-Finnish European population from the ExAC project as well as in the control data set CG69 provided by CG. We annotated the remaining variants for pathogenicity by considering either loss-offunction variants (indels, stop-gain, stop-loss, and splice-site variants) or missense mutations predicted to be deleterious by SIFT, PolyPhen-2_HDIV, LRT, and MutationTaster or mutated at highly conserved positions (GERP_RS>3). All annotations were derived from dbNSFP3.0a. 21 We further used a list of AD candidate genes that was collected from various GWAS in the dbGAP, the Alzgene database, 22 and the Genotator tool 23 to prioritize variants.
Population stratification
We performed population stratification by using EIGENSTRAT 24 with default parameters. First, we merged our data with the 1000 Genomes data. We chose only the autosomal SNVs concordant with hapmap 25 that were biallelic and not in linkage disequilibrium (LD) with each other by using PLINK (version 1.9) 26 with the parameters-indep 50 5 2, MAF of at least 0.1, and minimum call rate of 0.99 to perform the population stratification. To identify the ethnicity of samples in the current study, the first and the second principal components were visualized.
Genetic and linkage analysis
For linkage analysis, high-quality SNV positions (complete call rate over all individuals from VQHIGH status in CG var files) were extracted from the WGS data. Variants with high LD were removed using PLINK 1.9 26 ; further thinning of variants was performed using mapthin. 27 A set of 2,000 variants per chromosome along with the identified variants segregating with the disease through the pedigree were used to check for genotype errors and mendelian inconsistencies using MERLIN 28 and were subsequently removed if they were identified as errors. The remaining variants were used for linkage analysis and their genomic positions were linearly interpolated based on the hapmap genetic map (2011-01_phaseII_B37). MERLIN was used to perform both haplotyping and multipoint parametric linkage analysis with a rare autosomal dominant disease model with a disease frequency of 0.0001 and penetrance of 0.0001, 1.0, and 1.0. Haplotyping results were visualized using HaploPainter. 29 Using the R package "paramlink," 30 we calculated the power of each pedigree given as the maximal LOD scores for each family under an autosomal dominant inheritance model and 10,000 simulated markers. Relationship detection between all individuals was performed using software GRAB. 20 Validation by sanger sequencing The presence of both variants identified by WGS were validated and replicated by Sanger sequencing in each family member of both pedigrees using standard protocols with the following oligonucleotide sets: ABCA7_delT_1055908_FWD: 39-TTGTCCACCCTTGACTCTGTGC-59; ABCA7_delT_ 1055908_REV: 39-CTTGAGACTGTCCTGAGCATCC-59; ABCA7_rs143718918_FWD: 39-ACAGGTCCATCTT-GAGTGGC-59; ABCA7_rs143718918_REV: 39-GAGAC-CAGCCCCACATCC-59.
Results
We used WGS to identify the genetic cause of AD in 10 families with an autosomal dominant pattern of inheritance. Among these families, variants in ABCA7 were identified in 2 families (family 1 and family 2). In family 1, we sequenced the genomes of 7 family members; 3 of them were diagnosed with AD ( figure 1A ). In the second family (family 2), we sequenced genomes of 4 family members, 1 affected index patient with AD (age at diagnosis 66 years) and 3 unaffected siblings (figure 1B). Relationship estimation 20 confirmed all relationships in both families, given the original pedigree information. All families were self-reported of German ethnicity. European ancestry could be confirmed using EIGENSTRAT 24 analysis (figure e-1, links.lww.com/NXG/A38).
WGS fully called on average 97% of genome and 98% of exonic regions. Seventy-seven percent of the genome and 86% of the exome were covered with at least 30X. We detected on average over all samples from both families 3,415,106 SNVs and 577,534 indels and substitutions per genome (table e-1, links.lww.com/NXG/A39).
In total, 7,516,717 and 6,139,540 variants (SNVs and indels) different from the reference genome were identified in at least 1 family member for family 1 and 2, respectively. Diseaseassociated variants were searched using an autosomal dominant inheritance model. In family 2, only variants present in the affected and not present in the unaffected individuals were considered. After strict quality, mode of inheritance, shared haplotype and MAF < 0.05 filtering, 51,269 and 56,962 variants remained (table e-2, links.lww.com/NXG/ A39). After annotation using RefSeq, we screened for exonic splice-site affecting variants. After excluding variants within commonly mutated and brain-expressed genes, we prioritized the remaining variants according to their predicted pathogenicity and conservation. In total, only 11 (family 1, tables e-3 and e-5) and 8 (family 2, tables e-4 and e-6) variants were found in AD-related genes (table e-7) and were therefore considered to be relevant to AD. Strict variant filtering revealed for each family rare ABCA7 variants, rs143718918 (family 1) and rs538591288 (family 2) as best candidate variants.
European (Non-Finnish) population allele frequencies for rs143718918 and for rs538591288 add up to 0.0021 and 0.0016, respectively. Both variants are very rare (MAF < 0.01) in the European population according to the ExAC 31 and 1000 Genomes (tables e-3 and e-4, links.lww.com/NXG/A39).
In addition, the performed linkage ( figure 2, A and B) and haplotype block analysis ( figure 3, A and B) show cosegregation and association of both variants with AD in both German families. We confirmed the presence of both variants in the initially screened and the additional family members by Sanger Sequencing (figure 1).
The SNV rs143718918 identified in family 1 causes a missense mutation of ABCA7 (c.2693G>A) that affects the ABC1 domain of the protein (p.R880Q). This variant was previously identified in patients with AD and controls of a larger Belgian cohort in a French as well as in an European cohort with early-onset patients and in patients with AD of a Caucasian cohort. 7, 32, 33 We identified the SNV in all sequenced family members except for 1 healthy member ( figure 1A) . Three family members (201, 211, and 212) also carrying the risk variant were not affected and/or did not report cognitive deficits at the time of the last consultation, but were considerably younger than the affected family members and therefore possibly presymptomatic at the time of examination. As such, genetic counseling and clinical follow-up examinations will be conducted.
The second variant (rs538591288) identified in family 2 causes a frameshift deletion in exon 31 of ABCA7 (c.4208delT; p.L1403fs). This variant was also previously identified in patients with AD and controls of a larger Belgian cohort as well as in a French and in a European Cohort with early-onset AD patients. 7, 32, 33 Of interest, in one of these studies, additional Italian relatives with EOAD carrying the deletion were reported. 32 Furthermore, 2 groups have recently shown that p.L1403fs variant carriers had decreased ABCA7 protein levels but unchanged mRNA levels. 32, 34 We have identified the SNV (rs538591288) in 3 family members, including 2 children of the index patient (301 and 303, figure 1B), which were not diagnosed with AD but due to young age possibly presymptomatic at the time of examination. Of interest, both so far unaffected carriers reported already having occasional memory problems.
Discussion
We conducted a whole-genome sequencing (WGS) study to search for SNVs cosegregating with Alzheimer disease (AD) cases in German families. Of interest, we identified 2 rare variants of ABCA7 possibly contributing to AD pathogenesis in 2 families, respectively. ABCA7 is one of more than 20 AD risk loci that have so far been identified by GWASs and sequencing studies. ABCA7 is also involved in AD-relevant pathways (lipid metabolism, microglial phagocytosis, and altered amyloid-beta processing) and abundantly expressed in the brain.
We identified the rs143718918 to cosegregate with AD in family 1. The SNV causes a missense mutation of ABCA7 in exon 19 (c.2693G>A) that affects the ABC1 domain of the protein (p.R880Q) and is probably damaging. This variant has previously been identified by GWASs in Caucasians with late-onset AD. 8 Furthermore, several studies reported the presence of this variant in AD and in control subjects of (1) a Belgian cohort, 7 (2) a French EOAD cohort, 33 and (3) an EOAD cohort including samples of diverse origin. 32 Overall, the variant was present with higher frequency in AD cases compared with controls.
The rs538591288 cosegregated with AD in family 2 and causes a frameshift mutation in exon 31 of ABCA7 (c.4208delT; p.L1403fs). Initially, this SNV has been reported in an Icelandic cohort 9 and was later also identified with higher frequency in cases than controls of German, Swedish, Italian, 32 French, 33 and Belgian 7 cohorts. Mutation carriers express lower levels of full-length ABCA7 protein with unchanged mRNA expression levels. 32, 34 However, it has been reported that by in-frame exon skipping of the premature termination codon bearing exon 31, the transcript escapes nonsense-mediated mRNA decay. 7, 32 Exon skipping leads to the production of a shorter version of ABCA7 protein, which might partly compensate for the reduced full-length protein levels and might cause incomplete penetrance of rs538591288.
It has to be mentioned that we cannot exclude that other variations might cause additive effects on the development of AD in both families. Because of the previously shown involvement of ABCA7 in AD, the presented variants represent the most promising candidates. Together, our results support the notion that rare variants of ABCA7 exert considerable risk to the development of AD. 
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